Objectives: We sought to examine near-infrared spectroscopy (NIRS) imaging findings of aortocoronary saphenous vein grafts (SVGs). Background: SVGs are prone to develop atherosclerosis similar to native coronary arteries. They have received little study using NIRS. Methods: We examined the clinical characteristics and imaging findings from 43 patients who underwent NIRS imaging of 45 SVGs at our institution between 2009 and 2016. Results: The mean patient age was 67 6 7 years and 98% were men, with high prevalence of diabetes mellitus (56%), hypertension (95%), and dyslipidemia (95%). Mean SVG age was 7 6 7 years, mean SVG lipid core burden index (LCBI) was 53 6 60 and mean maxLCBI 4 mm was 194 6 234. Twelve SVGs (27%) had lipid core plaques (2 yellow blocks on the block chemogram), with a higher prevalence in SVGs older than 5 years (46% vs. 5%, P 5 0.002). Older SVG age was associated with higher LCBI (r 5 0.480, P < 0.001) and higher maxLCBI 4 mm (r 5 0.567, P < 0.001). On univariate analysis, greater annual total cholesterol exposure was associated with higher SVG LCBI (r 5 0.30, P 5 0.042) and annual LDL-cholesterol and triglyceride exposure were associated with higher SVG maxLCBI 4 mm (LDL-C: r 5 0.41, P 5 0.020; triglycerides: r 5 0.36, P 5 0.043). On multivariate analysis, the only independent predictor of SVG LCBI and maxLCBI 4mm was SVG age. SVG percutaneous coronary intervention was performed in 63% of the patients. An embolic protection device was used in 96% of AQ4 5AQ4 1 Cardiology Division, VA North Texas Healthcare System and
INTRODUCTION
Saphenous veins grafts (SVGs) are commonly used during coronary artery bypass graft (CABG) surgery, in spite of high rates of early and late failure [1] [2] [3] [4] [5] [6] . Nearinfrared spectroscopy (NIRS) is an imaging modality that can detect lipid core plaque (LCP) in the vessel wall with high sensitivity and specificity. NIRS has been used to characterize native coronary arteries, demonstrating its ability to identify culprit plaques responsible for acute coronary syndromes [7] [8] [9] [10] . NIRS-detected lipid burden in non-culprit vessels has been associated with higher risk for major adverse cardiac events at 1 year [11] , suggesting that NIRS may be able to assist with risk stratification. SVG lesions often have complex characteristics as assessed by angiography [2, 12, 13] , intravascular ultrasound (IVUS) [13] [14] [15] [16] [17] , and optical coherence tomography [18, 19] , but only one study has examined SVGs using intravascular NIRS [20] . We examined SVG NIRS imaging findings and their association with patient clinical characteristics, including lipid exposure since bypass grafting [21] .
METHODS

Patient Population
We examined the clinical characteristics and imaging findings from 43 patients who underwent NIRS imaging of 45 SVGs at our institution between 2009 and 2016 as part of the Lipid cORe Plaque Association With CLinical Events Near-InfraRed Spectroscopy (ORACLE-NIRS) Registry (Clinicaltrials.gov identifier NCT02265146). Data were collected and entered retrospectively and prospectively into a dedicated database. Patients who underwent clinically indicated cardiac catheterization and NIRS or NIRS-IVUS imaging were enrolled in the registry. The cohort included patients with various indications for imaging, including angiographic follow-up 1 year after bypass graft surgery as part of a research protocol (n ¼ 11) (CABG-PRO: Cardiac Catheterization for Bypass Graft Patency Rate Optimization trial, NCT01063491) [22] and angiographic follow-up 1 year after SVG stenting as part of another research protocol (n ¼ 2) (SOS-Xience V: Study of the Xience V Everolimus-eluting Stent in Saphenous Vein Graft Lesions, NCT00911976) [23] . The indications for diagnostic coronary angiography and NIRS imaging are summarized in Fig. 1 . NIRS was performed to further clarify angiographic findings and to assist in risk stratification. SVG percutaneous coronary intervention (PCI) was performed as clinically indicated.
Femoral access was used in all cases and intravenous heparin or bivalirudin was administered for anticoagulation during the catheterization procedure, at the discretion of the operator. NIRS-IVUS imaging was performed after intragraft administration of nitroglycerin (100-200 mcg). Periprocedural myocardial infarction was defined as creatine-kinase myocardial band (CK-MB) elevated to more than three times the upper limit of normal (6.3 ng/dL at our institution). The study was approved by the institutional review board.
Lipid Exposure
Lipid exposure was calculated using the method described by Zhu et al. [21] . All available lipid assays from the date of the most recent CABG surgery until 3 months after the date of NIRS imaging were obtained. Measurements for total cholesterol, triglycerides, high-density lipoprotein-cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C) were plotted against time, and the area under the curve was calculated for each patient and each graft. Values for total lipid exposure for each patient were divided by the number of years between the first and last lipid measurement to obtain an annual lipid exposure for total cholesterol, triglycerides, HDL-C, and LDL-C. A daily lipid exposure was calculated by dividing the annual lipid exposures by 365 days. Annual lipid exposures were correlated with NIRS imaging findings.
NIRS Analysis
NIRS images were acquired with a 3.2 French catheter that simultaneously co-registers IVUS data (InfraRedx, Burlington, MA). A built-in automated pullback and rotation device allowed a uniform speed of 0.5 millimeters per second and 960 rotations per minute. Data were transferred to DVDs for storage and offline analysis using EchoPlaque 4 Analysis Software (INDEC Medical Systems, Santa Clara, CA). All NIRS measurements were performed prior to PCI.
Raw NIRS data were processed by a NIRS algorithm developed using histology as the gold standard for lipid detection [24] . Prospective studies have validated this algorithm for LCP detection with a receiver-operating characteristic area-under-the-curve of 0.80 (95% CI: 0.76-0.85). The algorithm constructs a virtual color image called a chemogram for each pullback, which maps the probability of the presence of lipid in the vessel wall, with yellow color representing higher probability of lipid and red representing low probability of lipid (Fig. 2) .
The lipid core burden index (LCBI) is a measure of the lipid burden for a given length of vessel, calculated by dividing the number of yellow pixels by the total number of pixels available, multiplied by 1000 (LCBI range: 0-1000). The maxLCBI 4mm is a measure that identifies the highest LCBI of a 4 mm segment within the vessel of interest. For the purpose of this study, a LCP of interest was defined as a region with a maxLCBI 4mm > 500.
IVUS Analysis
Offline IVUS analysis was performed for all preintervention IVUS pullbacks available for the study SVGs using EchoPlaque, version 4.0 (INDEC Medical Systems, Santa Clara, CA). Luminal and external media borders were contoured for frames at free stepping intervals approximately 5mm apart. Quantitative IVUS measurements performed were the following: vessel volume, plaque volume, and lumen volume; plaque burden (plaque volume divided by vessel volume); and minimum luminal area and diameter. A plaque on IVUS was defined as an area of plaque burden of at least 40% on at least three consecutive IVUS frames [25] . 
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Statistical Analysis
Continuous variables were reported as mean AE standard deviation, and discrete variables were reported as percentages. Continuous normally distributed variables were compared using Student's t-test and continuous nonparametric variables were compared using the Wilcoxon rank-sum test. Discrete variables were compared using the chi-square test or Fisher's exact test, as appropriate. Correlations between two continuous variables were assessed using Pearson's correlation coefficient. All statistical analysis was performed using JMP Software, Version 12.0 (SAS Institute, Cary, NC). A two-sided P-value of <0.05 was considered statistically significant.
RESULTS
Clinical Characteristics
The mean patient age was 67 AE 7 years and 98% were men, with high prevalence of diabetes mellitus (56%), hypertension (95%), and dyslipidemia (95%). The clinical characteristics of the patient population are summarized in Table I . Mean SVG age was 7 AE 7 years.
Angiographic Characteristics
The angiographic and IVUS characteristics of the SVGs in the study population are summarized in Table II . There was a total of 95 SVGs in the cohort, with a mean of 2.2 SVGs per patient. Sixty-three of the SVGs were diseased (defined as stenosis !30% on angiography), with a mean of 1.5 diseased SVGs per patient. Nine SVGs were occluded (defined as 100% stenosis), with a mean of 0.2 occluded SVGs per patient. Diseased SVGs were significantly more likely to have LCPs than nondiseased SVGs (33% vs. 0%, P ¼ 0.044).
NIRS Imaging
NIRS imaging was performed in 45 SVGs. In cases where more than one SVG was available for imaging, the selection of SVG(s) for NIRS was at the discretion of the operator. NIRS was performed using a singlemodality catheter in 24 SVGs; a dual-modality NIRS-IVUS catheter was used to perform NIRS in the remaining 21 SVGs. Mean SVG LCBI was 53 AE 60 and mean maxLCBI 4 mm was 194 AE 234. Twelve of the SVGs (27%) had LCPs (2 yellow blocks on the block chemogram) and 5 of them (11%) had large SVG LCP (maxLCBI 4 mm > 500). There was higher prevalence of LCPs (2 yellow blocks on block chemogram) in SVGs older than 5 years (5% vs. 46%, P ¼ 0.002) (Fig. 2) . On univariate analysis, older SVG age was associated with higher LCBI (r ¼ 0.480, P < 0.001) (Fig. 3 ) and higher maxLCBI 4 mm (r ¼ 0.567, P < 0.001).
IVUS Characteristics
The IVUS characteristics of the SVGs in the study population are summarized in Table II . There were a total of 54 plaques in 21 SVGs, with a mean of 2.6 plaques per SVG and 2.8 plaques per patient. Seven (13%) of these 54 plaques were LCP. The mean minimum luminal area was 5.8 mm 2 ; the mean minimum luminal diameter was 2.4 mm. The mean plaque burden was 39%. SVGs 5 years and older were associated with numerically greater plaque burden (43% vs. 37%, P ¼ 0.13), numerically smaller minimum lumen area (5.5 vs. 5.9 mm 2 , P ¼ 0.70), and numerically smaller minimum luminal diameter (2.3 vs. 2.5 mm, P ¼ 0.40).
Of the seven LCPs with available IVUS data, positive remodeling was observed in two cases, while the remaining five SVGs exhibited negative remodeling at the plaque site. Five of the plaques were eccentric.
Lipid Exposure
The mean periprocedural lipid measurements and annual lipid exposures for the study population are shown in Table I and Fig. 4 . Greater annual lipid exposure was associated with NIRS measures of lipid burden, while single periprocedural lipid measurements showed no association with NIRS measures (Fig. 5) . Annual total cholesterol exposure was associated with high SVG LCBI (r ¼ 0.30, P ¼ 0.042). Annual LDL cholesterol exposure and triglyceride exposure were associated with higher SVG maxLCBI 4 mm (LDL-C: r¼ 0.41, P ¼ 0.020; triglycerides: r ¼ 0.36, P ¼ 0.043).
Multivariate analysis showed that SVG age was the only independent predictor of LCBI (beta coefficient 3.7, P ¼ 0.005) and higher maxLCBI 4 mm (beta coefficient 14.8, P ¼ 0.030).
SVG Percutaneous Coronary Intervention
Twenty-seven out of 43 (63%) patients underwent SVG PCI (Fig. 1) . The mean SVG % stenosis among patients who underwent SVG PCI was 81% vs. 20% (P < 0.001) in those who did not undergo SVG PCI. There was a total of 28 PCI target SVGs; of these, an LCP was present at the target site in 10 (36%). The proportion of PCI target vessels with LCPs did not differ significantly among patients with various indications for catheterization. Thrombus was observed at the PCI target in two cases. An embolic protection device was used in 27 SVG PCIs (96%). Only one of 27 patients experienced periprocedural myocardial infarction. Histologic analysis of debris captured by the embolic protection devices was not performed, but slow flow was noted in one of the study patients during SVG PCI.
DISCUSSION
The main finding of our study is that LCPs are relatively commonly found in SVGs and that older SVG age and lipid exposure is associated with higher incidence of LCP.
The progression of atherosclerosis in SVGs has been well described [26] [27] [28] . In a large study with angiographic follow-up at 4-5 years, SVG age was an important predictor of progression of atherosclerosis [29] . In accord with these findings, our intravascular imaging study showed that time since bypass grafting is independently associated with atherosclerosis measured as lipid burden using NIRS imaging, likely due to prolonged exposure to atherosclerosis risk factors, such as hyperlipidemia and hypertension, similar to native coronary arteries. Consistent with the NIRS findings, angiographic stenosis was significantly greater among SVGs aged 5 years and older (76% vs. 42%, P < 0.001). As expected, the IVUS data available for our cohort indicates that older SVGs tended to have greater plaque burden and smaller luminal minimum luminal area and diameter, findings associated with negative remodeling.
The SVGs analyzed in our study had a relatively low prevalence of LCPs (13% of IVUS-defined plaques were LCPs), all of which occurred in the SVGs aged 5 years or older. Despite the relatively low proportion of LCPs, the mean plaque burden was relatively high (39%), indicating that the vein graft disease observed in this cohort could be due to intima/media hyperplasia and fibrosis.
There was no association between a single periprocedural lipid assay and SVG LCBI or maxLCBI 4 mm , but annualized lipid exposures showed a significant relationship with NIRS imaging parameters on univariate analysis. Our findings show that greater SVG LCBI is seen in patients with greater annual total cholesterol exposure as bypass grafting, and greater maxLCBI 4 mm is seen in patients with greater annual LDL-C and triglyceride exposure. The association between higher triglyceride exposure and LCP is consistent with the previously described relationship between hypertriglyceridemia and late myocardial infarction following bypass grafting [30] . Zhu et al. calculated annualized lipid exposure for 436 SVGs and showed that graft failure was associated with increased total cholesterol/HDL-C and LDL-C/ HDL-C exposure [21] . Although our study did not assess long-term outcomes, NIRS lipid burden in nonculprit vessels has been shown to be associated with cardiovascular events during follow-up [11] .
The only other study of SVGs using NIRS has shown a moderate relationship between lesion LCBI and preprocedural HDL-cholesterol measurements (r ¼ À0.43, P ¼ 0.04), but no relationship with other lipid measurements [3] . This difference in observed relationships is likely due to the temporal variability in lipid levels; annualized lipid exposure represents a more robust measure than a single lipid measurement.
Interventions directed at specifically preventing SVG atherosclerosis are important, given that post-CABG patients frequently continue to suffer from the same coronary artery disease risk factors that had contributed to development of advanced coronary disease requiring surgical revascularization [31] . Our study shows that even relatively well-controlled lipid levels may provide a significant exposure over time, with the development of LCPs in SVGs occurring after 5 years in about half of SVGs. The beneficial impact of lipid-lowering therapy in prolonging SVG patency has been demonstrated [32] [33] [34] .
Consistent with current guidelines [35] the use of embolic protection for SVG stenting was high in the study population, explaining the low incidence of periprocedural myocardial infarction.
LIMITATIONS
Our study is limited by the retrospective design and relatively small study population; however, it is the largest NIRS study performed in SVGs. The study may have been underpowered to detect an association between NIRS parameters and serum lipid levels. Larger NIRS studies of SVG patients will clarify these relationships. Additionally, NIRS could have limited ability to detect lipid in the relatively large SVG lumen. Although lipid detection using NIRS has been validated in native coronary arteries, such studies have not been performed in non-native vessels.
For practical reasons and to minimize risk, in most cases only one SVG was imaged using NIRS, which may have resulted in selection bias. In addition, selection bias may have been introduced by inclusion of asymptomatic patients undergoing angiography as part of participation in a research study, as described in the Methods section. NIRS-IVUS data were available for only a portion of the study cohort.
The method used to calculate lipid exposure depended on retrospective chart review of all available lipid assays. The frequency of lipid measurements varied greatly between patients, and may have impacted the precision of the calculation. Patients with higher lipid levels may have had more frequent measurements due to monitoring of therapy, and thus had more accurate lipid exposure calculations than patients with physiological lipid levels. In addition, the method used to calculate the lipid exposure required estimation of the area under the curve of the lipid measurements using a numerical integration method, which may have introduced a small degree of error. Lastly, the mostly male study population may limit the generalizability of our findings to women.
CONCLUSIONS
Greater SVG lipid burden is seen in older SVGs and in patients with greater lipid exposure. SVG age is an independent predictor of NIRS lipid burden.
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